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The olfactory epithelium (OE) is derived from the olfactory placode (OP) during mouse development. At embryonic day (E) 10.0–E10.5,
“early neurogenesis” occurs in the OE, which includes production of pioneer neurons that emigrate out of the OE and other early-differentiated
neurons. Around E12.5, the OE becomes organized into mature pseudostratified epithelium and shows “established neurogenesis,” in which
olfactory receptor neurons (ORNs) are differentiated from basal progenitors. Little is known about the molecular pathway of early neurogenesis.
The homeodomain protein Six1 is expressed in all OP cells and neurogenic precursors in the OE. Here we show that early neurogenesis is severely
disturbed despite the unaltered expression of Mash1 at E10.5 in the Six1-deficient mice (Six1−/−). Expression levels of neurogenin1 (Ngn1) and
NeuroD are reduced and those of Hes1 and Hes5 are augmented in the OE of Six1−/− at E10.5. Pioneer neurons and cellular aggregates, which are
derived from the OP/OE and situated in the mesenchyme between the OE and forebrain, are completely absent in Six1−/−. Moreover, ORN axons
and the gonadotropin-releasing hormone-positive neurons fail to extend and migrate to the forebrain, respectively. Our study indicates that Six1
plays critical roles in early neurogenesis by regulating Ngn1, NeuroD, Hes1, and Hes5.
© 2007 Elsevier Inc. All rights reserved.Keywords: Six1; Olfactory epithelium; Olfactory placode; Development; Pioneer neurons; Mash1; Hes1; Hes5; Olfactory receptor neurons; NeurogenesisIntroduction
The mouse olfactory epithelium (OE) emerges from the
olfactory placodes (OPs) in the ventrolateral sides of the head at
embryonic day (E) 9.5 during development. At E10.0–E10.5,
the OPs start to invaginate toward the forebrain to form the
olfactory pits, heralding “early neurogenesis” or “primary
neurogenesis” (Beites et al., 2005). Early neurogenesis is
marked by the appearance of SCG10-positive cells in the
OP/OE (Cau et al., 1997; Cau et al., 2002). Up to E11.5, most of
the cells in the OE are in the proliferative stage. After E12.5, the
OE starts to organize into a pseudostratified columnar
epithelium arranged in three compartments (apical, middle,
and basal), and proliferating cells are found in the apical and
basal compartments (Cau et al., 2002). At the same stage of⁎ Corresponding author. Fax: +81 285 44 5476.
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doi:10.1016/j.ydbio.2007.08.020development, a distinct pattern of neurogenesis called “estab-
lished neurogenesis” is observed (Beites et al., 2005). The
apical proliferating cells are mostly nascent sustentacular cells
that are self-renewing, whereas the basal ones are progenitors
for olfactory receptor neurons (ORNs). The established
neurogenesis continues throughout life in the OE.
Previous studies demonstrated that Mash1 acts as a
determination gene and neurogenin1 (Ngn1) as a differentiation
gene downstream of Mash1 in established neurogenesis (Cau
et al., 2002; Manglapus et al., 2004). Mice lacking Mash1
(Mash1−/−) had low expression levels of Ngn1 and NeuroD,
which result in failure of generation of ORN progenitors in the
basal compartment and in marked reduction of ORNs in the
middle compartment (Guillemot et al., 1993; Cau et al., 1997).
Expression of Ngn1 is restricted to basal progenitors at E12.5.
In mice lacking Ngn1 (Ngn1−/−), basal progenitors fail to
express several neural differentiation-marker genes including
NeuroD and Phd1 (Cau et al., 2002). Interestingly, some
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Mash1−/− (Guillemot et al., 1993; Cau et al., 1997), suggesting
the existence of Mash1-independent pathway for ORN
production.
In contrast to established neurogenesis, the gene pathway for
early neurogenesis remains unresolved. The homeobox gene
Six1 is expressed in sensory placodes and is involved in the
formation of inner ear and OE (Zheng et al., 2003; Ozaki et al.,
2004). Here we report that mice lacking Six1 (Six1−/−) exhibited
defective early neurogenesis in the OE. The expression of
proneural helix–loop–helix (HLH) Ngn1 and NeuroD was
reduced in Six1−/− as early as E10.5, despite unaltered
expression of Mash1. In addition, up-regulation of the
inhibitory HLH transcription factor genes Hes1 and Hes5 was
noted in Six1−/− at E10.5. Further analysis of Six1−/− showed
production of at least two distinct classes of neurons in early
neurogenesis. One class is the pioneer neurons that migrate out
OP/OE and localize between OP/OE and the forebrain. The
existence of pioneer neurons inside and outside of the OE has
been reported in zebrafish and human (Whitlock and Wester-
field, 1998; Bystron et al., 2006). The other class is the early-
differentiated neurons whose characteristics are not well
understood. Six1−/− showed complete absence of pioneer
neurons, while early-differentiated neurons were partially
preserved. Six1−/− also showed defects in axonal outgrowth
and migration of gonadotropin-releasing hormone (GnRH)-
positive neurons to the forebrain/olfactory bulb (OB) at later
stages, suggesting a critical role for pioneer neurons during
olfactory development. These results point to the importance of
Six1 in early neurogenesis and OE development.Materials and methods
Animals
Six1+/−mice were generated as described previously (Ozaki et al., 2004) and
maintained by backcrossing 11–14 generations to C57BL/6. Mash1+/− mice
were generated as described previously (Guillemot et al., 1993) and maintained
by backcrossing to over 10 generations to ICR background. Homozygous
embryos were obtained by intercrossing male and female heterozygous mice.
Gestation day 0 was established upon detection of a copulatory plug after
overnight mating. The PCR primers for genotyping embryos were described
previously (Ozaki et al., 2004). The developmental stage at each set of
experiments was determined by counting the number of somites of embryos.
Mice were housed in an environmentally controlled room in the Center for
Experimental Medicine of Jichi Medical University, under the guidelines for
animal experiments. All experimental protocols were approved by the Ethics
Review Committee for Animal Experimentation of Jichi Medical University.
Histological examination and electron microscopy
Embryos were obtained from timed pregnancies. They were fixed overnight
in 2% glutaraldehyde and 2% paraformaldehyde/0.1 M sodium cacodylate
buffer, pH 7.2, at 4 °C. After washing in 0.1 M sodium cacodylate buffer, the
specimens were post-fixed with 1% OsO4 for 2 h on ice, stained en bloc with
0.5% uranyl acetate for 2 h, and then dehydrated and embedded in Epon 812.
Next, 1–2-μm-thick epon-embedded sections were stained with toluidine blue
(see Fig. 2). Ultrathin sections (80 nm) were examined using a JEM 2000 EX
electron microscope (JEOL, Peabody, MA) operated at 80 kV. For each image
shown in the Fig. 2, the right is the dorsal and the bottom is the medial side,
unless otherwise indicated in the figure legends.Immunofluorescence and immunohistochemistry
Embryos were fixed at 4 °C in 4% paraformaldehyde/0.1 M phosphate
buffered saline (PBS, pH 7.4) for 3–24 h, depending on the developmental
stage. Frozen sections were used, unless otherwise mentioned in the figure
legends. Samples were immersed in 18% sucrose/PBS, embedded in optimal
cutting temperature (OCT) compound (Sakura Finetek, Torrance, CA), then
frozen on dry ice, and cut into 16-μm-thick sections, followed by immuno-
fluorescence or immunohistochemistry. Paraffin sections were used for TuJ1
staining shown in Fig. 5C. The fixed samples were embedded in paraffin and
cut into 8-μm-thick sections. The sections were deparaffinized, dehydrated, and
processed for immunohistochemistry. The following primary antibodies were
used in immunofluorescence and immunohistochemistry: anti-Sox2 (1:1000
dilution, Santa Cruz Biotechnology, Santa Cruz, CA), anti-Pax6 (1:1000
dilution, Chemicon International Inc., Temecula, CA), anti-neuron specific class
III β-tubulin (clone TuJ1) (1:3000 dilution, Covance, Berkeley, CA), anti-
neural cell adhesion molecule (NCAM) (1:1000 dilution, Chemicon), anti-OMP
(1:2000 dilution, Wako Pure Chemical Industries, Osaka, Japan), anti-GnRH
(1:1000 dilution, Affinity BioReagents, Golden, CO), anti-laminin antibody
(1:300 dilution, Sigma, St. Louis, MO), anti-Mash1 (1:1000 dilution, R&D
Systems, Minneapolis, MN), anti-Ngn1 (1:2000 dilution, kindly provided by J.
E. Johnson, University of Texas), anti-NeuroD (1:200 dilution, Santa Cruz),
anti-Lhx2 (1:1000 dilution, Santa Cruz), and anti-Hes1 (1:200 dilution, Santa
Cruz). Anti-mouse Six1 antibody was prepared against mouse Six1 peptides
covering the C-terminal region and its specificity verified by Western blotting
and immunostaining using Six1−/− with no positive signals (Konishi et al.,
2006). For bright-field staining, we used ABC-alkaline phosphatase (AP) kit
(Vector Laboratories, Burlingame, CA). The secondary antibodies for
fluorescent staining (1:1000 dilution) were anti-rabbit conjugated Cy3, anti-
mouse conjugated Cy3, anti-rabbit conjugated Cy5 (Amersham Bioscience,
England, UK), Alexa Fluor 488 anti-rabbit, Alexa Fluor 488 anti-goat, Alexa
Fluor 488 anti-rat, and Alexa Fluor 546 anti-goat (Molecular Probes/Invitrogen,
Carlsbad, CA). Hoechst 33258 (Hoechst, Serva, Heidelberg, Germany) or 4,6-
diamidino-2-phenylindole (DAPI, Sigma) was used for nuclear staining. Images
of immunofluorescence samples were obtained with 20× or 40× objectives of an
Olympus FV1000 confocal microscope (Olympus Optical, Tokyo, Japan). In
each figure of these sections, the top is the dorsal and the right is the medial
side, unless otherwise indicated in the figure legends. Experiments were
performed in at least three sets of different embryos and the results were similar.
Representative results are shown in the figures.
TUNEL assay and BrdU incorporation
Terminal deoxynucleotidyl transferase (TdT)-mediated dUTP nick end
labeling (TUNEL) assay was performed using paraffin-embedded sections from
E10.5 to E16.5 embryos and In Situ Cell Death Detection Kit, Fluorescein
(Roche Diagnostics, Basel, Switzerland), according to the instructions provided
by the manufacturer. Pregnant mice were injected intraperitoneally with 5′-
bromo-2′-deoxyuridine (BrdU, 30 mg/kg, Zymed, San Francisco, CA) and then
sacrificed 30 min later. Embryos at E10.5 and E11.5 were fixed in 4% PFA in
PBS, embedded in paraffin and cut into 8-μm-thick sections. Embryos at E9.5
were immersed in 18% sucrose/PBS, embedded in OCT compound, then frozen
on dry ice, and cut into 14-μm-thick sections. Deparaffinized-or cryosections
were microwaved for 10 min on high power in 10 mM sodium citrate buffer, pH
6.0, followed by immunostaining, using the protocol supplied by the
manufacturer (BrdU in-situ detection kit, BD Bioscience Pharmingen, San
Diego, CA). After diaminobenzidine chromogen reaction, sections were
counterstained in Meyer's hematoxylin. Experiments were performed in at
least three sets of different embryos and similar results were obtained.
Representative results are shown in the figures.
RNA probes and in situ hybridization
In situ hybridization was performed on 14-μm-thick cryosections for Fig.
4A panels of GAP43 and NCAM and 8-μm-thick paraffin sections for others
using single-stranded digoxigenin-UTP (Roche)-labeled riboprobes as
described previously (Xu and Wilkinson, 1999). Hybridization was performed
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AP (Roche) and NBT/BCIP (Roche) for chromogen. The following probes
were used: Six1, provided by P. Gruss; BMP4 by N. Ueno; Fgf8 by A.
Tanaka; Shh by T. Momoi; Raldh3 by M. Noda; Mash1, by D.J. Anderson;
Ngn1 by Q. Ma; NeuroD by E. Cole and M. Bronner-Fraser; Phd1 by T.
Saito; GAP43, Lhx2, and OMP by P. Choi and C. Dulac; Hes5 and NCAM
by Y. Suzuki; SCG10 by N. Mori; Notch1, Jagged1, and Delta1 by G.
Weinmaster. Ebf1, a partial cDNA of Ebf1 was obtained by RT-PCR and
subcloned into pGEM-T Vector (Promega, Madison, WI). The probe of Hes1
was described previously (Ishibashi et al., 1995). In each figure panel of these
sections, the top is the dorsal and the right is the medial side, unless otherwise
indicated in the figure legends. Experiments were performed in at least three
sets of different embryos and the results were similar. Representative results
are shown in the figures.
P19EC cells and reverse-transcriptase polymerase chain reaction
(RT-PCR)
Culture of P19 mouse embryonal carcinoma (P19EC) cells and induction of
neuronal differentiation were performed essentially as described previously
(Murakami et al., 1998). Stable transformants (P19EC-mSix1) were obtained as
follows: pCMV26-mSix1, which contains FLAG-tagged mouse Six1 coding
sequence in p3XFLAG-myc-CMV-26 vector (Sigma), was transfected using
Lipofectamine 2000 Reagent (Invitrogen). Colonies were selected on geneticin
(300 μg/ml, Gibco/Invitrogen) and positive transformants were determined by
Western blotting using anti-FLAG antibody (Sigma). Two independent clones
were used for subsequent experiments within early passages (1–3). For neural
induction, cells were treated with 1 μM retinoic acid (RA, Sigma) and incubated
in Petri dishes (aggregation culture). Three days later, the cells were replanted on
tissue culture dishes and incubated for 1 day (D4 in Fig. 9D). Total RNA was
prepared from uninduced (D0 in Fig. 9D) or D4 cells. RT-PCR was performed
with 1 μg of total RNA forHes1 andHes5 and 0.2 μg for β-actin using OneStep
RT-PCR kit (Qiagen, Hilden, Germany). The following primers were used for
RT-PCR: Hes1, 5′-CTATCATGGAGAAGAGGCGAAGGGCA-3′ and 5′-
CACCGAGGTCCCACTGTTGCTGGT-3′; Hes5, 5′-GGTGGAGATGCT-
CAGTCCCAAGGA-3′ and 5′-TAGCCCTCGCTGTAGTCCTGGTG-3′; and
β-actin, 5′-GTGGGCCGCTCTAGGCACCAA-3′ and 5′-CTCTTTGATGT-
CACGCACGATTTC-3′. Aliquots (2 μl out of 25 μl reaction) of each PCR
reaction were taken at indicated cycles, run on a 5% polyacrylamide gel, and
photographed by Printgraph (Atto, Tokyo). The expression levels of Hes1 and
Hes5 relative to β-actin (at cycle 22, lanes 10 and 12 for D0 and D4,
respectively) were calculated using ImageQuant5.1 (Molecular Dynamics,
Amersham) and shown in the legend of Fig. 9. Down-regulation of Hes1 and
Hes5 was observed in the two independent stable transformant clones.
Results
Expression of Six1 in the developing OE
We first analyzed Six1 expression in the developing OE by in
situ hybridization in wild-type embryos from E9.5 to E16.5. At
E9.5, Six1 was moderately expressed in OP and weakly and
scarcely expressed in the head mesenchyme (Fig. 1A). At
E10.5, Six1 was highly expressed in the OE, except at the tip of
the olfactory pit, where early generated/differentiated neurons
were produced, and at the rim of the pit (Fig. 1B). At E11.5 and
E12.5, Six1 was expressed throughout the OE and the
vomeronasal epithelium (Figs. 1C, D). A strong Six1 expression
was observed in the mesenchyme of the lateral nasal processes
(Figs. 1C, D, asterisk). Six1 was also expressed in the head
mesenchyme around the forebrain. At E14.5, OE was clearly
organized into three compartments, where ORN progenitors
were localized in the basal, postmitotic neurons in the middle,
and proliferating sustentacular progenitors in the apicalcompartment. Six1 was also expressed in the apical and basal,
but not in the middle compartment (Fig. 1E). In addition, Six1
was abundantly expressed in the future lamina propria under-
lying the OE, but not in the cartilaginous tissue surrounding the
OE including the future nasal septum. The respiratory
epithelium (RE) could be distinguished near the orifice of the
epithelium, where weak expression of Six1 was observed. At
E16.5, the expression of Six1 was detected in the apical
compartment of the OE and the epithelium of the vomeronasal
organ (VNO), in which sustentacular cells were localized. Six1
was also expressed in the basal compartment of the OE
exhibiting a scattered pattern at the site of proliferating ORN
progenitors (data not shown), and in the epithelia of the lateral
nasal glands (Fig. 1F). Contrary to the dynamic expression
pattern in the developing OE, the expression of Six1 was never
observed in the central nervous system (forebrain and OB)
throughout the developmental stages analyzed (Figs. 1A–E and
data not shown).
Dysgenesis of OE starts at E11.5 in Six1−/−
Six1−/− newborn mice manifest a hollowed nasal region with
nasal bleeding at birth and die immediately after birth (Ozaki
et al., 2004). To determine the timing of appearance of nasal
anomalies, we analyzed OE of wild-type and Six1−/− embryos
histologically at various developmental stages. At E10.0, the
OP of Six1−/− was not morphologically different from that of
wild type (Fig. 2A, E10.0). From E10.5 to E11.0, the OE of
Six1−/− showed invagination of the epithelium into the
mesenchyme, but it was shallow compared to the OE of wild
type (Fig. 2A, E11.0). At E11.5 (somite number: 44–45), the
OE appeared disarranged in Six1−/− (Fig. 2B). Electron
microscopic examination revealed that cells with mitochondria
and neurite-like fibers protruded into the nasal cavity from the
epithelial sheet of the apical lumen (Fig. 2B, top right, III). The
tight junction and epithelial polarity were preserved in the
adjacent cells in Six1−/− (Fig. 2B, middle right, III, arrowheads),
as in wild type (Fig. 2B, middle left, I, arrowheads). The
basement membrane (BM) was intact in the OE of Six1−/− as in
wild type (Fig. 2B, bottom left, II and data not shown), but in
some parts, the axon fibers ran across transversely inside the OE
of Six1−/− (Fig. 2B, bottom right, IV, arrow). Axon fibers ran
longitudinally from the OE in the wild type (Fig. 2B, bottom
left, II, arrows). At E12.5, when the vomeronasal groove
normally develops along the medial aspect of the OE in wild
type, no such grooves were observed in the OE of Six1−/− in any
sections examined (Fig. 2A, E12.5, and data not shown). At
E13.5, when the vascular plexus was clearly formed under the
pseudostratified epithelium in the wild type, the apical–basal
polarization of the epithelium was lost in Six1−/− and the dorsal
part of the nasal cavities was clogged with cells and neurites as
well as blood cells from the collapsed vascular plexus beneath
the epithelium (Fig. 2A, E13.5). Electron microscopy revealed
the existence of axon fascicles running within the cavity (Fig.
2C, arrow). At E14.5, only the RE lining the nasal passages was
intact, although it was thinner than in the wild type, while
almost all areas of the OE were disintegrated in Six1−/− (Fig.
Fig. 1. Expression pattern of Six1 during development of mouse olfactory epithelium (OE). In situ hybridization for Six1 in wild type at E9.5 (A), E10.5 (B), E11.5 (C),
E12.5 (D), E14.5 (E), and E16.5 (F). Six1 is expressed in the olfactory placode (OP) and olfactory pit/OE as well as in the underlying mesenchyme at E9.5 and E10.5.
At E10.5, a strong Six1 expression is observed in the OE, excluding the tip and rim of the pit. At E11.5, Six1 is expressed throughout the OE and in the epithelium of
the vomeronasal groove (VN). Note the strong expression of Six1 in the mesenchyme of the lateral nasal process (asterisk). At E12.5, weaker expression of Six1 can be
distinguished near the orifice of the epithelium compared with that in the OE. Note also the strong expression of Six1 in the mesenchyme of the lateral nasal process
(asterisk). At E14.5, the OE is clearly organized into three compartments. Six1 is expressed in the apical compartment, where proliferating sustentacular cells reside.
Six1 is also expressed in a scattered pattern in the basal compartment, at the site of proliferating olfactory receptor neuron (ORN) progenitors, but no expression is
noted in differentiated ORNs in the middle compartment of the OE. Six1 is also expressed in the future lamina propria underlying the OE (double asterisks) and in the
meninges covering the surface of the developing olfactory bulb (OB). Future respiratory epithelium (RE) can be distinguished near the orifice of the epithelium, where
weak expression of Six1 is observed. At E16.5, the expression of Six1 is well observed in the apical compartment of the OE and the epithelium of vomeronasal organ
(VNO), as well as sparsely in the basal compartment. Six1 is also expressed in the lateral nasal gland (LNG). The right is the dorsal and the bottom is the medial side in
panels D–F. The broken line demarcates the OP/OE from the underlying mesenchyme. OP, olfactory placode; FB, forebrain; OE, olfactory epithelium; VN,
vomeronasal groove; RE, respiratory epithelium; OB, olfactory bulb; NS, nasal septum; LNG, lateral nasal gland; VNO, vomeronasal organ.
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rounded nostrils with no OE structures, and amorphous tissues
composed of neurites and neuron-like cells with erythrocytes/
erythroblasts clogged the dorsal part of the cavity (Fig. 2A,
E18.5). Furthermore, the VNOs and Bowman's glands were
absent in Six1−/− throughout development (data not shown). In
contrast, the wild type had large nasal cavities with elaborate
scrolling of turbinates and the dorsal parts of the cavities were
lined with thick layers of OE with VNOs and Bowman's glands
(Fig. 2A, WT and data not shown; Ozaki et al., 2004). These
findings indicate that Six1 is required for the development of
nasal structures and proper layer formation of the OE at early
stages of development and that in the absence of Six1,
anomalies of OE appear from E11.5.Interruption of ORN differentiation at immature stage in Six1−/−
Six1 was not required for induction and local axes formation
of the OP because OPmarker proteins, Sox2 and Pax6 (Grindley
et al., 1995; Wood and Episkopou, 1999), were expressed at
normal levels in Six1−/− at E9.5, similar to the wild type.
Furthermore, the expression patterns of the genes for signal
molecules were not markedly altered, including BMP4, Fgf8,
and Shh, as well as retinoic acid synthesizing enzyme, retinal-
dehyde dehydrogenase 3 (Raldh3) (Fig. 3; reviewed in Balmer
and LaMantia, 2005). The presence of neurons with axon
fascicles and neurites in the nasal cavity (Figs. 2B, C) suggests
abnormal neurogenesis in Six1−/−. Therefore, we examined how
the lack of Six1 affects neurogenesis in the OE by in situ
Fig. 2. Histological analysis of the OE in the wild type and Six1−/− embryos. (A) Toluidine blue-stained epon-embedded sections from the wild type and Six1−/− at the
developmental stages indicated on the left. Note the lack of developing vomeronasal organ in Six1−/− (E12.5 and E13.5). Dysgenesis of the OE with invasion of blood
cells (which appear dark) into the nasal cavity (E13.5–E18.5) is observed in Six1−/−. The RE is relatively preserved in Six1−/− as shown in E14.5 and E18.5. The top
side is the dorsal side in panels of E13.5 and E18.5. Vascular plexus (v. pl.) are formed under the OE. The area examined electron microscopically (panel C) is indicated
as red rectangle. Asterisks indicate the deteriorating cellular masses in Six1−/−. (B) Dysgenesis of the OE starts at E11.5 in Six1−/−. The middle and bottom panels are
electron microscopic views of the areas indicated by the numbers in the top panel, apical regions of the wild type (I) and Six1−/− (III), and basal regions of the wild type
(II) and Six1−/− (IV), respectively. Cells with mitochondria and neurite-like fibers protrude into the nasal cavity from an epithelial sheet of the apical lumen, although
the tight junction and epithelial polarity are preserved in the adjacent cells in Six1−/− (middle right, III, arrowheads), as in the wild type (middle left, I, arrowheads). In
the basal region of the wild type, a thin continuous sheet of basement membrane (BM) underlies the epithelium. The basement membrane is interrupted in certain areas
by penetrating bundles of axons (arrows). Axon fibers run longitudinally from the OE in the wild type (bottom left, II, arrows). On the contrary, the axon fibers run
across transversely inside the OE in some parts of the basal region of Six1−/− (bottom right, IV, arrow). The right side is the dorsal side in the top panel. (C) Electron
microscopic analysis of the apical lumen of OE of Six1−/− at E13.5 in the area marked by red rectangle in panel A (left) and its schematic presentation (right). Note
axon bundles inside the nasal cavity in Six1−/− (indicated by the arrow). Note also the tight junctions of the preserved apical epithelial cell sheets. WT, wild type; OP,
olfactory placode; FB, forebrain; OE, olfactory epithelium; VN, vomeronasal groove; v. pl., vascular plexus; RE, respiratory epithelium; NS, nasal septum; BM,
basement membrane. Arrows in wild type and those with square bracket in Six1−/− point to bundles of axons. Arrowheads mark tight junctions.
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1997; Cau et al., 2002; Nicolay et al., 2006; Verhaagen et al.,
1990). Because histological abnormalities in the OE of Six1−/−
were first observed at E11.5, i.e., before the OE becomes a
mature layered structure, we focused our analyses on develop-
mental stages E10.0 to E11.5.
At E10.5 and E11.5, the expression level ofMash1 in the OE
of Six1−/− was almost similar to that of the wild type (Fig. 4A
and data not shown). The expression levels ofNgn1 andNeuroD
were markedly decreased in the OE of Six1−/− (Fig. 4A),
indicating that neurogenesis was affected from early stages,
despite preserved expression of Mash1. At E11.5, fewer
GAP43- and NCAM-positive cells, markers of immature
ORNs, were detected in the OE of Six1−/− (Fig. 4A).
Furthermore, the expression of OMP, a marker for mature
ORNs, was never observed from E13.5 to E18.5 in Six1−/− (Fig.
4B top and data not shown).We also confirmed the lack of OMP-
positive signals by immunohistochemistry at E18.5 (Fig. 4B,
bottom). In the wild type, axon projection from OE to OB was
clearly recognized by OMP-positive axon immunostaining, but
no OMP-positive staining was observed in Six1−/− (Fig. 4B,
bottom). These findings indicate that the lack of Six1 is
associated with severe disturbance of early neurogenesis and
interruption of differentiation to mature ORNs.
Absence of pioneer neurons in Six1−/−
SCG10was reported to label the first neurons that differentiate
in theOP at E10.0 and E10.5 (Cau et al., 2002).On the other hand,
Lhx2, Ebf1, and Phd1 are expressed in ORN progenitors in
established neurogenesis (Cau et al., 2002). In the wild type,
SCG10-, Lhx2-, Ebf1-, and Phd1-positive cells resided inside and
outside the OP/OE at E10.0 and E10.5 (Fig. 5A,WT). Because of
their early appearance and localization between the OP/OE and
forebrain, some of these cells should represent pioneer neurons
that emigrate from the OP/OE. The detection of Lhx2-immuno-
fluorescence-positive cells across the basement membrane in the
wild type at E10.5 further suggests the emigration of pioneer
neurons out of the OE (Fig. 6). Surprisingly, the SCG10-, Lhx2-,
Ebf1-, andPhd1-positive cells were completely absent outside the
OE and scarce in the OE of Six1−/− (Fig. 5A, Six1−/−).
Consistently, immunofluorescence analyses showed the complete
absence of Lhx2- and TuJ1-positive cells inside and outside the
OE at E10.0 in Six1−/− (Fig. 5B). At E10.5, although TuJ1-
positive cells appeared inside the OE of Six1−/−, they never
localized between the OE and forebrain (Fig. 5B, bottom). Table 1
lists the numbers of TuJ1- and Lhx2-positive cells inside and
outside the OE at E10.5. The numbers of these cells in the OE
were significantly lower in Six1−/− than in the wild type, while
none were detected outside the OE (pioneer neurons) in Six1−/−.
The absence of TuJ1-positive cells between the OE and forebrain
was noted even at E11.5 in Six1−/− (data not shown). Moreover,
we could not detect GAP43- and NCAM-positive cells between
the OE and forebrain in Six1−/− at E11.5 (Fig. 4A, arrows). These
observations confirmed the impaired process of early neurogen-
esis in Six1−/− and the complete absence of pioneer neurons in
Six1−/−.In mice, cells that migrate from the OP (pioneer neurons in
this paper) form closely packed NCAM-positive “cellular
aggregates” (Schwanzel-Fukuda et al., 1992). The cellular
aggregates are also described as “mass of neurons” or “neural
blastema” in rat embryos at E13 and E15 (Lejour, 1967). All
neural fibers originating in the OE and VNO converge to these
cellular aggregates. The cellular aggregates, together with
axons of the vomeronasal and terminal nerves, form the
scaffold for the migration pathway of GnRH-positive neurons
to the forebrain that originate from the OE (Schwanzel-Fukuda
et al., 1992). It is reasonable to assume that the absence of
pioneer neurons at early stages leads to a lack of the cellular
aggregates, axonal projection, and migration of GnRH-positive
neurons at the subsequent stages. In the wild type, the bundle
of axons of ORNs and cellular aggregates were positive for
TuJ1 (Fig. 5C, top, WT). In contrast, neither TuJ1-positive
bundles of axons entering the forebrain nor cellular aggregates
were identified in Six1−/−, as expected. Instead, TuJ1-positive
signals were observed in the basal region of the deteriorating
OE (Fig. 5C, top, Six1−/−). At this stage, cell bodies, axons,
and cellular aggregates were also stained with NCAM in the
wild type, whereas only a faint staining was observed in the OE
of Six1−/− (Fig. 5C, bottom). The marginal regions of forebrain
were stained with NCAM and TuJ1 in both the wild type and
Six1−/−. These findings indicate the lack of not only pioneer
neurons at earlier stages but also cellular aggregates at later
stages in Six1−/−. Consistently, axons of ORN stained with
TuJ1 and NCAM did not extend to the forebrain but remained
in the nasal region in Six1−/−, judging from the presence of
TuJ1-positive signals in the basal region of the deteriorating
OE (Fig. 5C, Six1−/−). Moreover, GnRH-positive neurons were
only found in the nasal cavity of Six1−/− at E13.5, while they
were observed as a chain of cells located between the
vomeronasal epithelium and forebrain in the wild type (Fig.
5D). The total number of GnRH-positive neurons in Six1−/−
was almost equal to that in the wild type, when all sections of
the whole embryo were examined (data not shown), indicating
normal differentiation of GnRH-positive neurons, but failure of
their migration to the forebrain in Six1−/−.
We and other investigators reported previously increased
apoptosis in Six1−/− during organogenesis, such as development
of the inner ear, kidney, and cranial ganglia (Xu et al., 2003;
Zheng et al., 2003; Ozaki et al., 2004; Zou et al., 2004).
Moreover, Six1 is also implicated in the regulation of prolifera-
tion during development (Zheng et al., 2003; Ozaki et al., 2004).
Thus, we analyzed the possible involvement of apoptosis and
impaired proliferation in OE dysgenesis in Six1−/−. No aug-
mented apoptosis was observed in either the OE or the
deteriorating cellular mass inside the nasal cavity at E10.5–
E12.5 in Six1−/− (Fig. 7A). Increased apoptosis in Six1−/− was
observed only in the mesenchyme between the forebrain and OE
at E12.5 and E13.5, compared with the wild type (Fig. 7A, E12.5
and data not shown). Cell proliferation in the developing OEwas
monitored by BrdU-incorporation. At E9.5, E10.5, and E11.5,
substantial numbers of BrdU-incorporated cells were observed
in Six1−/−, compared with those of the wild type (Fig. 7B).
Mitotic figures were observed in the apical region in Six1−/−, as
Fig. 3. Similarity in formation of the OP and expression levels of signal molecules involved in local axes formation of OP and cellular differentiation in the wild-type
and Six1−/− embryos. (A) Immunofluorescence of Six1 (green) and Sox2 (red) with DAPI (blue) at E9.5 wild type (top) and Six1−/− (bottom). (B) Immunofluorescence
of Six1 (green) and Pax6 (red) with DAPI (blue) at E9.5 wild type (top) and Six1−/− (bottom). (C) In situ hybridization of wild type and Six1−/− at the indicated stages
using riboprobes for BMP4, Fgf8, Shh, and Raldh3. Expression patterns are almost similar in the wild type and Six1−/−. WT, wild type; FB, forebrain; OP, olfactory
placode; OE, olfactory epithelium.
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neither increased apoptosis nor lack of proliferation is the main
cause of dysgenesis at these stages in the OE of Six1−/−.
Expression of Six1 in early-stage neuronal lineage cells of
OP/OE
To understand the function of Six1 in early neurogenesis, we
studied the distribution of Six1 in individual cells of the OP/OEtogether with proneural HLH transcription factors or other
neuronal marker proteins by double-labeling immunofluores-
cence using various antibodies and confocal microscopy.
At E9.5, Six1 was expressed in the nuclei of OP cells and co-
localized with OP markers, Sox2 and Pax6 (Figs. 3A, B, WT).
At E10.5, Six1 was expressed in almost all OE cell nuclei
(Figs. 8A–F). All Mash1-positive cells were Six1-positive
(Figs. 8Aa, Ae). Ngn1 is required for neuronal differentiation to
up-regulate NeuroD expression, and NeuroD is transiently
expressed at the onset of differentiation in established
neurogenesis (Cau et al., 2002). All Ngn1-positive cells were
Six1-positive, although some of Ngn1-positive cells were
weakly Six1-positive (Figs. 8Ba, Be). Likewise, all NeuroD-
positive cells were Six1-positive (Figs. 8Ca, Ce). As expected,
all NeuroD-positive cells were Ngn1-positive (data not shown).
Co-localization of Ngn1 and NeuroD in Six1-positive cells and
reduced expression of Ngn1 and NeuroD in Six1−/− (Fig. 4A)
indicate that Six1 may operate upstream of Ngn1 → NeuroD
pathway. Six1 was also present in TuJ1-expressing cells in the
OE, with the level of expression lower than in TuJ1-negative
cells (Figs. 8Da, De). The expression of Six1 was further
diminished or absent in NCAM-positive cells in the OE (Figs.
8Ea, Ee). At E16.5, Six1 was not detected in neurons that
expressed late ORN differentiation markers, such as PGP9.5
and OMP (data not shown). These results suggest that Six1 is
expressed in all OP cells and continues to be expressed in OE
neuronal lineage, but its expression gradually diminishes with
progression of neuronal differentiation.
Lhx2 is expressed at E11.5 (Rincón-Limas et al., 1999) and is
required for differentiation of progenitors to a heterogeneous
population of mature ORNs at E15.5 and E16.5 (Hirota and
Mombaerts, 2004; Kolterud et al., 2004). In the present study,
Lhx2-positive cells were observed inside and outside the OE at
E10.5 (Fig. 8Fa) and these cells were also TuJ1-positive (data
not shown). Lhx2-positive cells in the OE were weakly Six1-
positive, while those outside the OE were Six1-negative (Figs.
8Fa, Fe, arrow). Consistently, the TuJ1- and NCAM-positive
cells outside the OE were Six1-negative (Figs. 8Da, Ea, arrows).
Based on these findings, we conclude that Six1 is expressed in
early generated/differentiated neuronal precursors including the
ones destined to pioneer neurons in the OE, but it disappears
when the cells emigrate outside the OE.Fig. 4. Expression of neuronal marker genes in OE of Six1−/−. (A) In situ
hybridization of the wild type and Six1−/− at the indicated developmental stages
using riboprobes for Mash1, Ngn1, NeuroD, GAP43, and NCAM. The
expression of Mash1 is preserved, but those of Ngn1 and NeuroD are reduced
in Six1−/−, compared with the wild type. The expression levels of GAP43 and
NCAM are reduced in the OE of Six1−/− and completely absent in between the
OE and forebrain. The right side is the dorsal and the bottom is the medial side in
panels of GAP43 and NCAM. Arrows indicate signals between the OE and
forebrain, which correspond to pioneer neurons. (B) In situ hybridization of the
wild type and Six1−/− at E16.5 using a riboprobe for OMP (top panels) and
immunohistochemistry of the wild type and Six1−/− at E18.5 with anti-OMP
antibody (bottom panels). Note the complete absence of OMP-positive signal in
Six1−/−. The broken line demarcates the OE from the underlying mesenchyme.
WT, wild type; OE, olfactory epithelium; FB, forebrain; NS, nasal septum; OB,
olfactory bulb; IHC, immunohistochemistry.
Fig. 5. Lack of pioneer neurons in Six1−/−. (A) In situ hybridization of the wild type and Six1−/− at the indicated stages using riboprobes for SCG10, Lhx2, Ebf1, and
Phd1. Arrows indicate signals outside the OE, which correspond to pioneer neurons. Note the total absence of these signals in Six1−/−. (B) Immunofluorescence of
TuJ1 (red) and Lhx2 (green) with Hoechst (blue) in cryosections of the wild type and Six1−/− at the indicated developmental stages. Note the TuJ1-positive signals
outside the OE in the wild type and their absence in Six1−/− at E10.0 and E10.5. Note also the lack of Lhx2-positive signal inside and outside the OE of Six1−/− at
E10.0. The white arrow indicates pioneer neurons. (C) Immunohistochemistry with TuJ1 and anti-NCAM at E13.5 of sections from the wild type and Six1−/−. Arrows
indicate “cellular aggregates” in the wild type. Note the lack of the cellular aggregates in Six1−/−. Paraffin-embedded sections for TuJ1 and cryosections for anti-
NCAM. (D) Immunohistochemistry with anti-gonadotropin-releasing hormone (GnRH) of cryosections from the wild type and Six1−/− at E13.5. Arrows indicate
GnRH-positive cells and fibers in the wild type, while GnRH-positive cells and fibers reside in the nasal region in Six1−/−. Because GnRH- or TuJ1-positive neurons
and fibers accumulate in the nasal region in Six1−/−, their numbers appear increased in Six1−/− compared with the wild type. However, examination of sections showed
that the total number of GnRH-positive neurons in the whole embryo is not significantly different between the wild type and Six1−/− (Ikeda, unpublished results). The
broken line demarcates the OP/OE from the underlying mesenchyme. WT, wild type; OP, olfactory placode; FB, forebrain; OE, olfactory epithelium; IHC,
immunohistochemistry.
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Fig. 6. Lhx2 marks pioneer neurons at E10.5 OE. Immunofluorescence of Lhx2
(green) and laminin (red) with Hoechst (blue) in wild type. Anti-laminin
antibody stains the basement membrane (BM). Note the Lhx2-positive cell that
has crossed the basement membrane (white arrow). It is considered to have
emigrated from the OE. WT, wild type; OE, olfactory epithelium; BM, basement
membrane.
Table 1
Number of TuJ1- and Lhx2-positive cells inside and outside the OE of E10.5
embryos.
Genotype Number of TuJ1-positive cells a Number of Lhx2-positive cellsa
Inside OE Outside OE
(Pioneer neurons)


















Note. Data are the mean number of positive cells±SEM of 4 wild-type and 5
Six1−/− embryos examined (bilateral OE regions were examined separately, and
total numbers of OE regions are shown in parentheses). ∗Pb0.0001,
∗∗Pb0.003, compared with the wild type (Student's t test).
a The number of TuJ1- or Lhx2-positive cells inside and outside the olfactory
epithelium (OE) in E10.5 embryos (somite number=32–35). Immunofluores-
cence-positive cells were counted on every third frontal section (16-μm thick)
and total numbers of positive cells in each OE are expressed per mm2 (Inside
OE). For pioneer neurons, the mean numbers of total TuJ1- and Lhx2-positive
cells outside each OE region are shown (Outside OE).
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The inhibitory HLH factors, Hes1 and Hes5, are expressed
in the developing OE at early developmental stages (Cau et al.,
2000). Double mutants for Hes1 and Hes5 (Hes1−/−Hes5−/−)
showed augmented Ngn1 expression and increased neuronal
density in the OE at E10.5 (Cau et al., 2000). To examine the
possible involvement of Hes1 and Hes5 in the early dysgenesis
in Six1−/−, we performed in situ hybridization analysis.
Markedly high expression levels of Hes1 and Hes5 were
noted in the OE of Six1−/− at E10.5 and E11.5 (Fig. 9A and
data not shown). Because Hes1 and Hes5 are downstream
effectors of the Notch signaling pathway (Kageyama and
Nakanishi, 1997), their overexpression might be due to altered
Notch signaling. We examined the expression levels of
Jagged1, Delta1, and Notch1 by in situ hybridization.
However, they were not largely different between the wild
type and Six1−/− (Fig. 9B). To obtain insights into the
regulatory relationship of Six1 and Hes1 in terms of neuronal
differentiation, we performed triple-labeling immunofluores-
cence of Hes1, Six1, and TuJ1 in the wild type at E10.5 and
E11.5 (Fig. 9C). Hes1-positive cells were observed in the OE
and mesenchyme as well as in the forebrain. Furthermore,
scattered cells with moderate Hes1 expression level that were
also Six1-positive were observed in the OE. Hes1-strongly
positive cells were observed at the medial rim of the olfactory
pits but they expressed Six1 at a rather low level (see also Fig.
1B). TuJ1-positive cells were observed only at the tip of the
OE, and these cells were Hes1-negative but Six1-positive. The
results were similar and more evident at E11.5. Cells strongly
positive for Hes1 were observed in the future RE, and these
cells were weakly positive for Six1. Based on these findings,
we speculate that Six1 down-regulates the expression of Hes1and Hes5 to a moderate expression level to facilitate neural
differentiation.
To test whether Six1 negatively regulates the expression of
Hes1 and Hes5 in cultured cells, we examined the effects of
Six1 overexpression using pluripotent P19EC cells. P19EC
cells differentiate into neuronal cells upon RA treatment during
aggregation followed by plating on tissue culture plates.
Untreated P19EC cells express a basal level of Hes1 and the
expression level increases upon neural induction (Wakabayashi
et al., 2000). We cloned P19EC cells stably overexpressing
mouse Six1 (P19EC-mSix1), and compared the expression
levels of Hes1 and Hes5 with parent P19EC cells by RT-PCR
before and after neural differentiation. As shown in Fig. 9D,
the expression levels of Hes1 and Hes5 were lower in P19EC-
mSix1 cells regardless of RA treatment. These results
confirmed that Six1 down-regulates the expression of Hes1
and Hes5.
Mash1 is not required for production of pioneer neurons or
expression of Six1
The expression of class III β-tubulin in the OP was similar
in Mash1−/− and wild type at E9.5, suggesting that Mash1 is
not involved in early neurogenesis (Cau et al., 1997). However,
whether the pioneer neurons are affected in Mash1−/− has not
been determined previously. We performed in situ hybridiza-
tion and immunofluorescence, and found the presence of
SCG10- and TuJ1-positive cells inside and outside the OE in
Mash1−/− at E10.0 (Fig. 10A). As expected, the expression of
Six1 was not altered inMash1−/− at E10.5 (data not shown) and
E11.5 (Fig. 10B) examined by in situ hybridization. Together
with the observation that the level of Mash1 in the OE of
Six1−/− was not altered compared with that of wild type at early
stage (Fig. 4A), we conclude that the expression levels of
Mash1 and Six1 are mutually independent and that Mash1 is
not involved in early neurogenesis, especially in the production
of pioneer neurons.
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Six1 plays an essential role in early neurogenesis
Two distinct types of neurogenesis are known in the
development of OE. These are the “early neurogenesis” that
occurs in the initial establishment of OE neural lineage and the
“established neurogenesis” that begins when the OE becomes
organized into mature layered pattern. The molecular cascade ofearly neurogenesis is assumed to be different from that of
established neurogenesis (Beites et al., 2005), but has not been
elucidated so far. In this study, we highlighted the key role of
Six1 in early neurogenesis in the development of OE.
We found that at least two distinct classes of neurons emerge
during early neurogenesis in the mouse OE. The first class is
pioneer neurons (Whitlock and Westerfield, 1998; Bystron
et al., 2006), which are identified as SCG10-, Lhx2-, Ebf-, and
Phd1-positive cells outside OE at E10.0–E10.5 (Fig. 5A). The
identity as pioneer neurons was obvious by their early
differentiation, emigration behavior out of the OP/OE, and
localization outside the OP/OE. The requirement of Six1 for
production of pioneer neurons and cellular aggregates is
evidenced from the following observations: (1) total lack of
SCG10-, Lhx2-, Ebf1-, and Phd1-positive cells between the
OP/OE and forebrain at E10.0–E10.5, and total lack of GAP43-
and NCAM-positive cells between the OE and forebrain at
E11.5 by in situ hybridization in Six1−/− (Figs. 4A and 5A); (2)
absence of TuJ1- and Lhx2-positive cells outside the OE at
E10.0–E10.5 by immunofluorescence in Six1−/− (Fig. 5B and
Table 1); and (3) absence of TuJ1- and NCAM-positive cells
outside the OE that correspond to cellular aggregates at E13.5
by immunohistochemistry in Six1−/− (Fig. 5C).
The second class of neurons produced in early neurogenesis
is the early-differentiated neurons, which are distinct from
pioneer neurons. In Six1−/−, TuJ1-positive cells in the OE were
detected at E10.5, although at lower numbers compared with the
wild type (Fig. 5B and Table 1). Similarly, GAP43-positive
cells in the OE were observed at E11.5 in Six1−/− (Fig. 4A).
Therefore, early neurogenesis other than for pioneer neurons
occurred in Six1−/− to a certain extent. It is plausible that these
neurons are ORN precursors whose differentiation starts from
an early stage prior to established neurogenesis (Cau et al.,
1997). However, these neurons never become OMP-positive
throughout development in Six1−/−. We suggest that these
neurons differentiate abnormally. Alternatively, they may haveFig. 7. Dysgenesis of the OE in Six1−/− is not due to increased apoptosis or
defective cell proliferation. (A) TUNEL assay was performed using sections of
OE from E10.5 to E16.5 embryos. TUNEL-positive signals are green and nuclei
stained with Hoechst are blue. At E10.5, a few TUNEL-positive signals are
observed in the OE and the mesenchyme around the OE in both wild type and
Six1−/− at almost the same level. In the wild type, apoptotic cells are observed in
the otic vesicle (OV). At E11.5, a moderate increase in the number of TUNEL-
positive signals is observed at the rim of the invaginating OE and the
mesenchyme under the OE in Six1−/− compared with the wild type. Note,
however, the lack of apoptotic signals inside the OE of Six1−/−. At E12.5,
although dysgenesis of the OE has become obvious in Six1−/−, few apoptotic
cells are observed in the deteriorated epithelium and cells in the nasal cavity. On
the other hand, a larger number of TUNEL-positive signals is observed in the
mesenchyme around the OE in Six1−/− compared with the wild type. At E16.5,
several TUNEL-positive signals are observed in the nasal cavity of Six1−/−. (B)
Immunohistochemistry for BrdU (brown nuclei) after a short period (30 min) of
BrdU incorporation, followed by hematoxylin staining. Similar numbers of
BrdU-positive cells are observed throughout OE at E9.5, E10.5, and E11.5 in
both the wild type and Six1−/−. Arrows indicate recess of future VNO in the wild
type and corresponding shallow recess in Six1−/−. The top is the dorsal and the
right is the medial side in panel A, panel E10.5 and panel B. WT, wild type; OV,
otic vesicle; FB, forebrain; OE, olfactory epithelium; NS, nasal septum.
Fig. 8. Expression of Six1 in the OE neuronal lineage in wild type. Nuclei are stained with Hoechst and appear blue in color. Immunofluorescence of OE at E10.5,
using antibodies to Six1 (green) and to various marker proteins (red) on cryosections. Higher magnifications of panel a are shown in panels b–e. Merged figures of
Six1 and marker proteins are shown in panels a and e. (A) Mash1, (B) Ngn1, (C) NeuroD, (D) TuJ1, (E) NCAM, and (F) Lhx2. Note the co-localization of Mash1,
Ngn1, and NeuroD with Six1. The TuJ1- and NCAM-positive cells are weakly positive for Six1 in the OE, but those outside the OE are Six1-negative (arrows). Lhx2-
positive cells in the OE are weakly Six1-positive, but those outside the OE (arrow) are Six1-negative. Anti-Mash1 mouse monoclonal antibody provides the
background staining in the basement membrane (Aa, Ad, and Ae). Arrows indicate pioneer neurons. OE, olfactory epithelium; FB, forebrain.
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TuJ1- and GAP43-positive.
In zebrafish, the early-differentiated neurons that express
olfactory receptor and the pioneer neurons are identified as two
distinct cell populations based on their unique localization,morphology, and antigenicity (Whitlock andWesterfield, 1998).
In human, pioneer neurons in the OE have also been identified
recently as morphologically distinct from neurons with features
of ORNs (Bystron et al., 2006). In the present study, several
criteria were used to distinguish pioneer neurons from early-
Fig. 9. Altered expression of Hes1 and Hes5 in the OE of Six1−/− and by overexpression of Six1 in P19EC cells. (A) In situ hybridization of the wild type and Six1−/−
at E10.5 using riboprobes for Hes1 and Hes5. Increased expression and expansion of regions positive for Hes1 and Hes5 are noted in the OE of Six1−/−. (B) In situ
hybridization of the wild type and Six1−/− at E10.5 using riboprobes for Jagged1, Delta1, and Notch1. The expression patterns of Jagged1, Delta1, and Notch1 are
not markedly altered in the OE of Six1−/− and the wild type. (C). Immunofluorescence of the OE in the wild type at E10.5 (top) and E11.5 (bottom) using antibodies to
Hes1 (purple), Six1 (green), and TuJ1 (red). Merged figures are shown on the right. Cells with moderate Hes1 expression are Six1-positive. The TuJ1-positive cells are
Hes1-negative, but Six1-positive at lower level in the OE. (D) Hes1 andHes5 expressions are analyzed by RT-PCR in P19EC cells and stable transformants expressing
FLAG-tagged mouse Six1 (P19EC-mSix1). Lower expression levels of Hes1 (lanes 1–4) and Hes5 (lanes 5–8) are observed at D0 (growing condition, lanes 1, 2, 5,
and 6) and D4 (4 days after neural induction, lanes 3, 4, 7, and 8) in stable transformants. Expression levels of β-actin (lanes 9–12) are almost the same in P19EC cells
and P19EC-mSix1. Cycle numbers of PCR are shown at the top of the panels. The expression levels of Hes1 and Hes5 relative to that of β-actin of P19EC (top) are as
follows; lane 1, 0.2; lane 2, 0.94; lane 3, 0.55; lane 4, 1.59; lane 5, 0.16; lane 6, 0.52; lane 7, 0.23; and lane 8, 0.7. The expression levels of Hes1 and Hes5 relative to
that of β-actin of P19EC-mSix1 (bottom) are as follows; lane 1, 0.12; lane 2, 1.18; lane 3, 0.12; lane 4, 0.76; lane 5, 0.01; lane 6, 0.02; lane 7, 0.15; and lane 8, 0.22.
Similar results were obtained in two independent Six1-overexpressing clones. The broken line demarcates the OE from the underlying mesenchyme. WT, wild type;
OE, olfactory epithelium; FB, forebrain.
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Fig. 10. Expression of SCG10, TuJ1, and Six1 in Mash1−/−. (A) In situ
hybridization using a riboprobe for SCG10 (top panels) and immunofluores-
cence of TuJ1 (bottom panels) in the wild-type and Mash1−/− littermates at
E10.0. The TuJ1- and SCG10-positive pioneer neurons that reside outside OE
(arrows) are detected in both the wild type and Mash1−/−. (B) In situ
hybridization of the wild type andMash1−/− at E11.5 using a riboprobe for Six1.
Note the similar levels of Six1 expression. The broken line demarcates the
OP/OE from the underlying mesenchyme.WT, wild type; OP, olfactory placode;
FB, forebrain; OE, olfactory epithelium.
66 K. Ikeda et al. / Developmental Biology 311 (2007) 53–68differentiated neurons in the mouse embryo. These two groups
of neurons were first observed at slightly different stages;
pioneer neurons at E10.0 (somite number: 26–27) and early-
differentiated neurons at E10.25 (somite number: ∼30). The
distribution of these two neurons was also different; pioneer
neurons emerged solely at the tip of the pit, whereas early-
differentiated neurons appeared mainly in the regions surround-
ing the tip at E10.25–E10.5. Importantly, production of pioneer
neurons was completely dependent on Six1, whereas that of
early-differentiated neurons was only partially dependent on
Six1 (Table 1).
Role of pioneer neurons in OE development
It is well known that olfactory receptors determine the
projection of ORN axons to a specific glomerulus in the OB
(Singer et al., 1995). In zebrafish, pioneer neurons, which
precede ORNs, establish initial connection between OP/OE and
forebrain and provide ORNs with a guide pathway for the
axonal projection. Ablation of the pioneer neurons before
axonogenesis results in severe misrouting of the following ORN
axons (Whitlock and Westerfield, 1998). However, the role of
pioneer neurons in OE development in mammals has never been
demonstrated so far. Our results present strong evidence for theimportance of pioneer neurons and cellular aggregates in the
development of OE in mice, based on the following observa-
tions in Six1−/−. (1) Deficiency of axon projections from the OE
to forebrain/OB throughout development (Figs. 2, 4B, and 5C);
(2) Misrouting of axons to the nasal cavity (Fig. 2); and (3)
deficient migration of GnRH-positive neurons to the forebrain
(Fig. 5D). In this regard, it is also possible that axons of neurons
and GnRH-positive neurons inside the nasal cavity lack the
ability to extend and to migrate out of the OE, respectively, in
Six1−/−.
Gene cascades for early neurogenesis
The previous model suggested two distinct functions for
Hes1 during OE development (Cau et al., 2000). (1) Hes1
initially defines the boundary between neural and non-neural
territories in the OP/OE by controlling the expression of
proneural genes at early stage, independent of Notch signaling;
and (2) Hes1 functions as a repressor of neurogenesis as a
downstream target of Notch signaling at later stage. Although
we cannot rule out possible alteration of the Notch signaling at
post-translational level, our data are consistent and emphasize
the aforementioned first function of Hes1 based on the
following observations at E10.5. (1) Augmented expression of
Hes1 in the OE of Six1−/−, which may be independent of
Notch signaling (Fig. 9); and (2) impaired neurogenesis
observed in the OE of Six1−/−. Although the molecular
mechanism of down-regulation of Hes1 by Six1 in the OE of
wild type remains to be determined, Six1 functions to define
neurogenic OE domain at early stages by negatively regulating
the expression of Hes1. Severe disturbance of early neurogen-
esis in the OE of Six1−/− would be, in part, due to
overexpression of Hes1 (Fig. 11 and see below).
In contrast to the multiple roles of Hes1, Hes5 is thought
to function only in Notch related-lateral inhibition and its
expression is regulated by Mash1 during OE development
(Cau et al., 2000). Because the expression of Hes5 was also
observed in the OE of wild type at E10.5 and its expression
was increased in Six1−/− (Fig. 9), we assume the possible
involvement of Hes5 in delimiting early neurogenic domain
in the OP/OE through a Notch-independent pathway at
E10.5.
Co-expression of Six1, Ngn1, and NeuroD in wild-type OE
(Figs. 8B, C) and the marked down-regulation of Ngn1 and
NeuroD in Six1−/− OE at E10.5 (Fig. 4A) suggest that Six1
activates the expression of these genes in early neurogenesis for
both pioneer neurons and early-differentiated neurons. Some
Lhx2-positive cells in the OE may be committed to pioneers by
the action of Ngn1 and NeuroD because some of the Lhx-2
positive cells were weakly Ngn1-positive in the OE at E10.5
(data not shown). Consistent with this notion, the number of
SCG10-positive cells was markedly reduced in the OP at
E10.0 in Ngn1−/− (Cau et al., 2002). Considering that all Lhx2-
positive cells were weakly Six1-positive (Fig. 8F) and Six1 is
critical for the generation of pioneer neurons (Fig. 5), we
assume that Six1→ Ngn1, NeuroD → Lhx2 is the main gene
cascade for pioneer neuron production (Fig. 11). However, the
Fig. 11. A model of gene cascade for early neurogenesis in the OE at E10.5.
Six1-positive nuclei are indicated in green color. Advancement of neuronal
differentiation is accompanied by reduction of Six1 expression (light green
color). Six1 delimits the neurogenic domain in the OE by down-regulating the
expression of Hes1 and Hes5 in the OE. Pioneer neurons are the cells with
yellow-nuclei outside the OE. Considering the dramatic reduction of SCG10-
positive cells in the OP at E10.0 in Ngn1−/− (Cau et al., 2002), we assumed that
Six1→Ngn1, NeuroD pathway is the main cascade for pioneer neuron
production, although the existence of Six1-dependent, but Ngn1, NeuroD-
independent pathway (indicated as a dashed arrow) cannot be ruled out. Six1
also regulates early-differentiated neurons through the Ngn1→NeuroD pathway.
Six1 may directly regulate the expression of NeuroD (indicated as a dashed
arrow). Lhx2 is a marker for pioneer neurons and is not essential for production
of pioneer neurons, as assumed by the phenotype of Lhx2−/− mice (Hirota and
Mombaerts, 2004; Kolterud et al., 2004).
67K. Ikeda et al. / Developmental Biology 311 (2007) 53–68existence of Six1-dependent, but Ngn1, NeuroD-independent
pathway cannot be ruled out.
As for early-differentiated neurons, it has been reported that
the Mash1 → Ngn1 pathway does not operate in “all” ORN
progenitors at E12.5 and that Ngn1 is expressed in and
required for the generation of a subset of ORN progenitors in
the OE of Mash1−/− at E12.5 (Cau et al., 2002). It is plausible
that Six1 regulates Mash1-independent ORN production at
earlier stages by activating the expression of Ngn1 (Fig. 11).
We noticed that the expression of NeuroD was more severely
reduced than that of Ngn1 at E11.5 (data not shown),
indicating that Six1 could regulate NeuroD expression together
with Ngn1. Six1 → proneural HLH genes hierarchy is
conserved in the formation of Bolwig organ of Drosophila,
in which atonal (murine homologues are atonal-related genes.
Ngns and NeuroDs constitute subfamilies) is under the control
of sine oculis (vertebrate homologs are Six1/Six2) (Suzuki and
Saigo, 2000). The involvement of Ngn1, but not Mash1, in the
early neurogenic pathway is consistent with the previous
observation that Ngn1 is also functional at the placodal stage
(Cau et al., 2002).Because Six1 is strongly expressed in all OP and OE cells, it
is conceivable that the cell intrinsic properties are altered by
ablation of Six1. On the other hand, Six1 is also expressed
(though weakly and scarcely) in the head mesenchyme
underlying OE at E9.5 (Fig. 1A). Therefore, we cannot rule
out the possibility that some signaling molecules emanating
from the mesenchyme that modulate the production and
migration of pioneer neurons are missing in Six1−/−. Analyses
of defects in the head mesenchyme, including neural crest cells,
in Six1−/−, studies to address the molecular mechanism of
down-regulation of Hes1 and Hes5 expression by Six1, and
roles of Six1 in established neurogenesis are currently underway
in our laboratory.
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